Abstract This paper presents analyses of ion flow characteristics and ion discharge pulses in a sphere-ground plate electrode system. As a result of variation in electric field intensity in the electrode gap, the ion flows towards electrodes generate non-uniform discharging pulses. Inspection of these pulses provides useful information on ionic stream kinetics, the effective thickness of ion cover around electrodes, and the timing of ion clouds discharge pulse sequences. A finite difference time domain (FDTD) based space-charge motion simulation is used for the numerical analysis of the spatio-temporal development of ionic flows following the first Townsend avalanche, and the simulation results demonstrate expansion of the positive ion flow and compression of the negative ion flow, which results in non-uniform discharge pulse characteristics.
Introduction
Electrical discharges have been utilized in numerous applications of today's electron-ion technologies [1∼12] . Many industrial applications benefit from the corona electrostatic field in chemical processes [1∼5] and electrostatic separation processes [6∼10] . One of the most promising applications is electrohydrodynamic gas pumps using ionic winds [12] . Ion motion in the electrostatic field of an electrode gap is one of the main factors determining the electrical characteristics of discharges. The increasing trend in use of electrical discharges in submicron technologies has renewed interest in the basic aspects of corona electrostatic field. Hence, it is becoming more important to understand the key mechanisms involved in the corona discharge phenomenon.
In order to develop new industrial applications of corona fields and improve ion-electron (IE) based technologies, it is very important to understand and analyze the generation, motion and neutralization processes of ions in the electrostatic field. In this work, the problem of ion discharging on electrodes is addressed.
It is well-known that Townsend electron avalanches result in ion generation in the electrode gap so that the electron avalanche in gases depends on impact ionizations and electron attachments processes, which lead to positive and negative ion generation. These processes take place in the electrode gap when the electrical field intensity reaches the electron avalanche inception field intensity [13∼22] . Electron avalanches form ion clouds in the electrode gap and these ions flow towards the electrodes under the effect of the drifting force of the electric field and ion diffusion mechanisms. This paper presents a theoretical analysis on ionic streams taking place in a gas discharge in a sphereground plate electrode (SGPE) system. Analyses of discharge pulse characteristics can provide useful information about generated ions and their motions. The authors have investigated the amount of charges generated in the gap, the effective thickness of positive ion cover, and the ion concentration distribution of the ion flow. Non-uniform waveforms of discharge pulses measured on the electrodes can be well understood in the light of these analyses.
Experimental observation of the ion distribution in the electrostatic field of the electrode gap contains complications due to the fact that the insertion of measurement probes into an ionic stream has a disturbance effect on the electrostatic field, and in turn on the character of the ion flow. In such cases, ion motion simulation in an electrostatic field is very helpful for investigating the spatio-temporal development of ion concentration in the electrostatic field. A relevant experimental measurement can be conducted by using passive measurement techniques that reduce disturbances of measurement equipment on the electrostatic field and ionic flows. For these proposes, coupling electrodes were used for the measurement of discharging pulse signals from electrodes.
Numerical simulation of electrostatic fields in electrode gaps is very useful to explain experimental findings. Several numerical methods were employed in corona discharge analysis: the finite element method (FEM) [13∼16] , the finite difference method (FDM) [17∼20] , the Monte Carlo simulation method [21, 22] , and the flux corrected transport-FEM method [23∼25] . These methods mainly calculate the charge distribution that satisfies the Poisson equation and the continuity equation for a simulated electrode configuration. However, these methods do not directly address the simulation of temporal motions of space charges under electrostatic forces acting on electrode gap. This study performed a finite difference time domain (FDTD) based simulation of space-charge motion for the purpose of demonstrating numerically the ion flows towards electrodes. By using this FDTD simulation, Authors analyzed the spatio-temporal development of the first Townsend electron avalanche and the resultant ion flows towards electrodes.
Experimental study
Experimental observation of the ion concentration distribution in an ionic stream is very complicated since the insertion of measurement probes into an ionic stream has a disturbance effect on the electrostatic field, and on the ion flow itself. This type of active measurement may easily alter the flow characteristics of ionic streams. In order to avoid such a disturbance effect on measurement systems, passive measurement techniques should be preferred in ion flow experiments. We applied a passive measurement technique, in which the specific coupling electrodes make it feasible to receive near-field coupling signals coming from the corona electrode system.
A schematic diagram of the experimental setup is illustrated in Fig. 1(a) . The ion generation and discharging processes were performed in the SGPE system depicted in Fig. 1(b) . The spherical electrode in Fig. 1(b) was connected to a negative polarity DC high voltage and the plate electrode was grounded. The spherical electrode was placed 6.5 mm above the ground plate electrode, and the radius of the sphere electrode was 10 mm. Pressure in the electrode gap was adjusted to 200 Pa. The spherical electrode was supplied by a PHYW high voltage 0∼10 kV supply unit. Gas pressure inside the chamber containing electrode system was controlled by a TPR 010 Pfeiffer vacuum measurement unit. Signals on the coupling electrodes were observed via a Tektronix TDS 1002 model digital oscilloscope with a 60 MHz bandwidth, as illustrated in Fig. 1(c) . The coupling electrodes were made of aluminum sheets and wrapped around the cable of the spherical electrode and the cable of the grounded plate electrode. The near-field coupling signal measured from the spherical electrode was used for the observation of discharge pulse signal associated with the positive ion flow. The measurement from the grounded plate electrode via the coupling electrode showed discharge signals generated by electrons and negative ion flows. Observation of the periodical Trichel pulses was initiated at about −392 V DC voltage on the spherical electrode.
Theoretical motion analysis of ion flows in electrode gaps
Let us assume that the ions accelerate under a nonuniform electrical field generated by a negative polarity high voltage electrode. In this case, the electrical field intensity can be approximately expressed as E = V in /r in the vicinity of the electrodes. The parameter V in denotes the DC voltage of the spherical electrode with negative polarity. The parameter r is the distance of the ion to the electrode. Average drifting velocity of positive ions towards the spherical electrode was given as:
where, µ is the charge mobility and V d the drifting velocity [26, 27] . In the vicinity of a high voltage spherical electrode, the average ion drifting velocity depends on the distance to the spherical electrode and can be written as,
A constant average drifting velocity of ions in an uniform electric field results in a continuous ionic stream; however, in the case of increasing average ion drifting velocity in a ionic stream depending on the distance to electrode surface as given by Eq. (2), a wavy (nonuniform) ion flow takes place along electric field lines around the spherical electrode. Since positive ions generated by Townsend avalanches accelerate towards the spherical electrode; it leads to a wavy ion concentration distribution inside the ionic stream flowing to the spherical electrode. In this sort of wavy ion flow, ions at a distance r to the electrode have almost the same drifting velocity. This brings out equivelocity surfaces (sheets) in the stream, as represented in Fig. 2 (a). Distribution of ion concentration in the ionic stream is dependent on the sign of gradient of non-homogenous electrical field intensity. In the direction of increasing electrical field intensity, which is towards the spherical electrode, the drifting velocity of equivelocity layers increases towards the spherical electrode, and therefore, it expands the distances between adjacent peaks of concentrations (equivelocity layers) in the wavy ion flow. This expansion in the stream leads to an enlargement of the falling edges of positive ion discharging pulses, as illustrated by A1 waveform in Fig. 1 (c) and Fig. 2(b) . Conversely, in the direction of decreasing electrical field intensity, which is towards the ground electrode in our case, the drifting velocity of equivelocity layers decreases, and it leads to compression of ion concentrations in the ionic stream towards the plate electrodes. This results in a shortening of pulse widths as a result of the sharpening falling edges of negative ion discharge pulses, as illustrated by A2 waveform in Fig. 1(c) and Fig. 2(b) . That is the reason why the discharge pulses generated by electron avalanches and the following negative ion flow on the ground plate electrode were rather sharper than the discharge pulses of positive ions on a spherical electrode, as observed in the experimental measurement and illustrated in Fig. 1(c) . In this figure, A1 waveform was obtained from discharging positive ions on the negative polarity spherical electrode, whereas A2 waveform was composed of the fast electron avalanche discharge, forming the rising edge, and a following negative ion discharge, forming the falling edge. Due to the expansion of the positive ion stream and the compression of the negative ion stream, the falling edge of positive ion discharge signals is larger than the falling edge of negative ion discharge signals. In Ref.
[27], theoretical analysis of Trichel-pulse formations in a negative corona was discussed in detail. The wave-like evolution of ionization on the cathode layer and the increase of Trichel pulse's tail length were emphasized. In a recent work, ion velocity compression and expansion layers were analyzed for energetic laserion acceleration application [28] . In order to find arrival time of space charges to electrodes, let us reorganize Eq. (1) to incorporate the displacement vector of charges, i.e.
. Accordingly, the space-charge drifting motion can be written as:
When Eq. (3) is solved, the arrival time of positive ions to spherical electrode with respect to distance r is found,
When they precipitate on the surface of electrode, the time interval between two equivelocity layers of ion flow with a ∆r distance between them can be written as,
Eq. (5) demonstrates that the time intervals between positive ions layers increase with respect to distance of layers to electrode surface (r). It leads to an expansion of the falling edge of the discharge pulse width, and accordingly reduces the amplitude of the pulses. Enlargements in the width of periodic discharging signals result in decrease of the amplitudes of these signals. Because the positive ion charges carried to the spherical electrode are equal to the negative charges carried to the ground plate electrode so that the current continuity, (I e (t) + I n (t) )dt = I p (t)dt, can be satisfied in the electrode system.
In Fig. 3 (a) and (b), average ion drifting velocity and time interval calculated are demonstrated for
and various V in such as −400 V, −600 V and −1000 V. With increasing inception voltage, the time interval between equivelocity ion layers decreases, which makes the corresponding discharge pulses sharper than the pulses for a lower inception voltages. The effective thickness of positive ion cover (L) is defined as a distance of the outermost discharged equivelocity layer contributing to the discharging pulse. By solving Eq. (4) for a pulse width t d , the effective thickness of positive ion cover can be estimated by,
The effective thickness of positive ion cover is an important parameter in the application of aerosol particle charging in that positive charging of particles by ion precipitation takes place effectively in this distance [29, 30] . Fig. 3(c) illustrates the dependence of effective thickness of positive ions on pulse width (t d ) and inception voltage (V in ).
In practice, it might be important to estimate the amount of positive charges forming the positive ion cover with an effective thickness L. Supposing that the positive ions cover an effective thickness L around the electrode to form a discharge pulse, the amount of positive charge carried to the spherical electrode can be estimated by using a current characteristic (I c (t)) from the following formulas,
The discharge period of positive ion cloud according to the experimental measurement in Fig. 1(c) can be written by,
Here, t b is the time interval required for the initiation of the next Townsend electron avalanches after discharge of positive ion cloud on the spherical electrode. When the effective thickness L is smaller than the width of the electrode gap, the discharge pulse frequency can be expressed as,
Average frequency of Trichel pulses approximates to the positive ion cloud discharge frequency because of two factors. a. The high positive ion density inside the positive ion cloud decreases the possibility of occurrence of new electron avalanches because of the deterioration of electrical field intensity by ions inside the ion clouds and the decrease in possibility of collision of electrons with neutral molecules. Electrons in positive ion clouds have a tendency to impact with positive ions rather than with neutral molecules, because of Coulomb attraction forces between electrons and positive ions and due to relatively decreased neutral molecule concentration in the positive clouds. This factor is very effective in delaying strong electron avalanches for a t d period until clearance of the positive ion cloud. In the t d interval, instant conductivity of electrode system measured from the port of DC supply sharply increases because of positive ion cloud discharges.
b. The voltage of the electrode can decrease to below the corona inception voltage due to the non-zero response time of DC power supply against a sharp increase in the instant conductivity during positive ion cloud discharges to the electrode. The DC power supply can again raise the electrode voltage over the inception voltage in t b interval. This factor is very effective in delaying strong electron avalanches for a t b period.
Both factors cause a delay of time interval of t d + t b for the next discharge pulse until the positive ion cloud is cleared and the DC power source drives the spherical electrode voltage beyond the corona inception voltage.
Numerical analysis of spacecharge motion in an electrode gap
The FDTD method was widely applied to transient analysis of wave propagation in a medium. It was used to obtain the spatio-temporal solution of wave equations such as Maxwell equations [31, 32] and acoustic wave equations [33, 34] . In this paper, we used the FDTD method to obtain spatio-temporal solution of the motion equation of free charged particles and to observe the flow of ions towards the electrodes. In the following sections, we briefly explain the simulation method since a detailed description was given in Ref. [35] .
Numerical analysis of space charge drifting
When the displacement vector of the space charge of
is taken into account in Eq. (1), the spacecharge drifting motion can be modeled depending on position vector d as:
For a drifting motion of these charge carrier particles, a finite difference equation was written as follows by applying forward finite difference to temporal derivatives.
where index x denotes the type of charge carriers and is defined as x = {el, pz, nh}, in which x = {el} for electrons, x = {pz} for positive ions and x = {ng} for negative ions. The parameter ∆t is time step, determining the time increment in the FDTD simulation. Eq. (9) is used to calculate the next position of space charges, which are drifting under electrical field E.
Numerical analysis of space-charge diffusion
In an inhomogeneous charge distribution, the diffusion motion of charge carrier particles follows Fick's law as [36] 
where, J d is the particle current density, N and D are the particle concentration and the diffusion coefficient, respectively. In the diffusion, particle flow conforms to the current continuity equation [26, 27, 37] , which is given as ∂N ∂t − ∇ · J d = 0, in this case, the diffusion motion of particles can be expressed as:
For the diffusion motion of charge carrier particles, the finite difference equation was obtained as follows by the applying forward finite difference to temporal derivatives.
Here, ∇ 2 N n is the Laplacian of the charge carrier concentration.
Modeling of electron avalanches
The impact ionization of electrons with gas molecules results in positive ion and free electron production and it is the main physical process that feeds electron avalanches, initiated with seed electrons. Growth of avalanche electron concentration in the spatial domain was modeled as:
where, α is the impact ionization coefficient [26, 27, 37] . Electron attachments with electronegative gas molecules result in negative ion production and free electron removal in the medium. It is therefore an effective physical process quenching electron avalanches. In the case of electron attachment, avalanche electron concentration was modeled as:
where, β is the attachment coefficient [26, 27, 37] . Ion-ion recombination results in the removal of positive and negative ions from the electron gap [26, 27, 37] . This process was modeled as:
Ion-electron recombination results in the removal of positive ions and electrons from the electron gap [26, 27, 37] . This process was modeled as:
When the effects of impact ionization, electron attachment, ion-ion recombination and ion-electron recombination are considered, Eq. (10) is reorganized for electrons, positive ions and negative ions as follows:
where, ∆N α , ∆N β , ∆N ii and ∆N ie are the contributions of impact ionization, electron attachment, ionion recombination and ion-electron recombination to charge the carrier concentrations, and by considering Eqs. (15)∼(18), they are numerically calculated by:
FDTD based motion analysis of ions and electrons
The FDTD based motion simulation repeats two main calculation tasks in each iteration. Firstly, the electric field vector on a solution grid is calculated for the current space-charge distribution and secondly the space charges are migrated to their new position on the solution grid by using the numerical formulas derived in previous sections [35] . After moving the space charges to new location, the charge density distribution on the spatial plane is updated by the following equation:
The displacement of space charges in the electrode gap may result in temporal variation of the electrical field vectors in space. That is the reason why electric field vectors used in numerical formulas should be updated in the following iteration. The electrical field vectors are calculated according to the following equation:
Computation steps for the space charge motion simulation are listed as follows.
Step-1: Start with setting a q 0 (x, y) initial charge density with a negative polarity on the electrode and generate a seed electron concentration N 0 el at a point in the vicinity of the spherical electrode.
Step-2: Calculate E n using Eq. (27) in the whole spatial domain.
Step-3: Drift space-charge species, which are the electrons, and positive and negative ions in the electrostatic field, by means of Eqs. (19)∼(21).
Step-4: Diffuse space-charges species by using Eq. (14) .
Step-5: Calculate the new charge distribution by using Eq. (26).
Step-6: If the simulation time is lower than the simulation completion time, increase n to n = n + 1 and go back to step-2. If not, end the simulation.
Spatio-temporal distributions of electrical field intensity and the space-charge concentrations throughout the radial axis for the first Townsend electron avalanche are illustrated in Figs. 4∼7. These characteristics were FDTD simulation results of the first electron avalanches at the onset of electric discharge and the subsequent negative ion flow throughout the electrodes.
In Fig. 4(a) , therefore a low ion accumulation in the electrode gap at the first avalanches, the electrical field intensity is slightly distorted with time and the field intensity is seen to preserve its high gradient profile in the vicinity of spherical electrode. Fig. 4(b) and (c) illustrate the simulated spatio-temporal development of electron and positive ion concentrations in the electrode gap during the first Townsend electron avalanches. In the vicinity of the high voltage spherical electrode, drifting of space charges along the field lines is effective in the charge motion due to high electrical field intensity. However, the lateral expansion of electron avalanches and positive ion cloud observed in Fig. 4(b) and (c) results largely from the diffusion motion of space charges along equipotential lines. Because electric field vectors are perpendicular to equipotential lines and it does not result in a drifting along equipotential lines. That is why the lateral equivelocity lines correspond to equipotential lines. Away from the spherical electrode, due to the large decreases in electrical field intensity, influences of the diffusion motion of space charges become more apparent in charge motion in the electrode gap as a lateral expansion of charge clouds. Fig. 5(a) also shows a non-linear trajectory of electron avalanches resulting from decreasing drifting velocity due to a decrease in electrical field intensity. Compression of electron flow in the radial direction due to decrease of the field intensity is apparent in the simulation of Townsend avalanches in Fig. 4(b) . This is one of the main factors that cause the signal recorded for electron avalanches to have very sharp pulses. The other factor, the drifting velocities of electrons are much higher than the drifting velocity of ions because the mobility of electrons is much higher than the mobility of ions. For this reason, discharge of electron avalanches forms the rising edge of the negative discharge pulses measured on the plate electrode. The falling edge of the discharge pulse signal is largely formed by discharge of negative ions, which are considerably less mobile than electrons.
Two characteristic regions in the evolution of electron avalanches are clearly observed in Fig. 5(b) . In region I, where the electron concentration is increasing, impact ionization is effective and strengthens the avalanches since the electrical field in this region is strong enough to support impact ionization. In region II, the electron concentration is decreasing since the electron attachment by electronegative gas molecules is more effective. This quenches the avalanche and generates a negative ion cloud as illustrated in Fig. 5(c) [15, 26, 27, 37] . Due to decreasing number of impact ionization, the positive ion concentration begins decreasing in region II as illustrated in Fig. 5(d) . Electron avalanches taking place in electrode gap leave positive and negative ion clouds behind, so that the mobility of positive and negative ions is roughly 100 times less than the mobility of the avalanche electrons. Following the completion of the first electron avalanche, the flow of the positive ions towards the electrodes along the radial axis is demonstrated in Fig. 6(a) and (b) . Due to variation in the electrical field intensity along the radial axis, ion drifting velocity seriously differentiates depending on the distance to the corona electrode (r) as discussed in previous sections and demonstrated in Fig. 3(a) . The simulation result in Fig. 6(b) clearly illustrates a wavy expansion of the positive ion stream. In this figure, equivelocity layers result in peaks and valleys in the concentration distribution. Discharge of such an expanded positive ion flow leads to an expansion of the pulse width of the discharge signal and a decrease in the amplitude of pulses. Fig. 7 shows the flow of negative ions towards the ground plate electrode along the radial axis after the first electron avalanche.
Due to a decrease in the electrical field intensity along the radial axis, the negative ions with higher drifting velocity compress the ions with lower drifting velocity towards the plate electrode as seen in Fig. 7(a) . This compression of ion flow results in decreased pulse width in discharge signals as represented in Fig. 2(b) .
Conclusions
This study presents a discussion on ionic stream discharging on a spherical-plate electrode. Characteristics of the pulse signals from discharge of the ion stream were measured via a coupling electrode without heavily disturbing the measured system. Pulse signals measured on the spherical electrode were demonstrated to be formed by discharging an expanded wavy flow of positive ions. This sort of positive ion flow results from an increase in ion drifting velocity towards the spherical electrode. On the opposite direction, the flow of negative ions is compressed, which consequently sharpens the discharging pulses measured on the ground plate electrode.
A gradient in the electric field intensity leads to an equivelocity surface around the electrodes. In the direction of increasing electrical field, equivelocity layers result in an expansion of ion flow. In the direction of decreasing electrical field, equivelocity layers result in a compression of ion flow. Expansion of ionic streams decreases the amplitudes of discharge pulses and prolongs their pulse widths compared to amplitudes and pulse widths of compressed ionic streams. This effect is clearly observed in the comparison of positive and negative ion discharging signals shown in Fig. 1(c) .
Analytical analysis of discharge pulses provides useful information about the ion distribution in the electrode gap, such as the effective thickness of positive ion layers around the electrodes and the characteristics of ion flows. The ion concentration distribution can be estimated by discharge pulse analyses. A further study on the estimation of ion concentration distribution will be useful for electron-ion technologies.
